A VARIETY of mechanisms have been proposed to explain the dilute urine excreted in water diuresis. Cushny (I) and Smith (2) may be consulted for references to the older literature.
Theoretical concepts which have been current in recent years will be considered in more detail in the discussion at the end of this paper.
The experiments reported here were devised to test the degree to which water diuresis is independent of large changes in urine flow and solute and water reabsorption in the nephron. In 15 experiments, water diuresis was combined with various grades of osmotic (urea) diuresis. In four experiments, water diuresis was combined with mercurial diuresis. In two experiments, water diuresis was superimposed on a combined osmotic and mercurial diuresis.
METHODS
The chemical methods employed for the determination of creatinine, p-aminohippurate (PAH), sodium, potassium, chloride and osmotic pressure, and the clearance procedures and methods of maintaining body water and electrolyte equilibrium during prolonged osmotic diuresis will be described elsewhere (3, 4) . The same general protocol was followed in all experiments.
Urea-Water Experiment. Immediately after the oral administration of 75 ml/kg. of tap water, creatinine and PAH were administered intravenously in suitable priming doses, and a sustaining infusion containing these substances was started at rates less than 1.0 ml/minute.
Pitressin was administered in the sustaining infusion at a rate of 40 to 80 mp/hour. Thirty minutes after the priming injection (or later if prediuretic control periods were obtained) the animals were anesthetized with chloralose and a priming urea load was injected intravenously.
In successive experiments the quantity of urea administered was 1.25, 2.5, 5 and, in one experiment, IO gm/kg. A steady state with respect to body water, electrolyte and urea was maintained by replacement solutions consisting either of synthetic urine or the animal's urine collected in the previous period. Urea diuresis was continued for a period of 4 to 5 hours, facultative water excretion being suppressed by the Pitressin in the infusion, in order to bring the dog into a steady state with respect to glomerular function and electrolyte excretion. This long equilibration period was selected on the basis of observations made during saline diuresis which showed that stability of renal function, especially with respect to electrolyte and water excretion, could not be anticipated earlier (5) . At the end of the 4-to s-hour equilibrium period, Pitressin was omitted from the reinfused urine. In many of these experiments, however, development of diuresis was slow and perhaps incomplete, possibly because of some antidiuretic material contained in the reinfused urine. Consequently in other experiments a Pitressin-free synthetic urine was infused. Here diuresis occurred more rapidly, but control of plasma composition was less precise. After 2 or 3 hours of water diuresis, Pitressin was administered as a single intravenous injection of IO rnp. followed by the infusion of 40 to 80 my/hour.
Water-Mercury Experiments.
In these experiments water for hydration, and creatinine, PAH, chloralose and the sustaining infusion were administered as described above. Pitressin was omitted. The ensuing water diuresis was maintained by the oral administration of water in volumes equal to the urine flow until an apparent peak urine flow had been attained. Then, over a so-minute period, mercurin was administered intravenously in a dose of IO open bars, free water clearance, both in cubic centimeters/ minute. The free water clearance is positive (hypotonic urine) above the zero line, negative (hypertonic urine) below it. The urine flow is the algebraic sum of the osmolar and free water clearances. This experiment illustrates the transitory, Pitressin-resistant hypotonicity of the urine which is sometimes observed during osmotic diuresis, and the typical water diuresis which results when Pitressin infusion is discontinued. cysteine hydrochloride. Both mercurin and cysteine were dissolved immediately before administration in IO ml. of 0.075 N NaOH. In order to prevent depletion of body electrolyte following the injection of the mercurin, the animal's urine was reinfused as replacement in the manner described for urea diuresis. Water by mouth was discontinued when urine reinfusion was begun. Pitressin was given in the dosage described for urea diuresis 2.5 to 3 hours after the injection of mercury.
Urea-Water-Mercury
Experiments.
The protocol for these experiments was the same as described for urea diuresis, except that no Pitressin was added to the infusion until the end of the experiment. After the collection of urine in what were deemed to be typical periods of combined urea and water diuresis, mrecurin and cysteinc were administered as described in the water-mercury experiments.
Control Experiments.
Control experiments were conducted as follows: Water was given orally, and creatinine-PAH sustaining infusions were started in the usual 
RESULTS
For the purpose of describing our results, we divide the water of the urine into two moieties, each of which is capable of at least semi-independent variation.3 One moiety is represented by the volume of water required to contain the urine solutes clearance, which we designate as the free water clearance (C,+J. The urine flow, V, is given by the sum:
'v = Ln + CH20 ( > 2 and therefore CHzO became strongly positive, reaching a peak value in this experiment of about 6.7 ml/minute.
Reinfusion of Pitressin produced a prompt reduction of CHzO from positive to negative values. Thus two situations are noted in which CHzO positive: I) a transitory, Pitressin-insensitive phase with a maximal value of 2 to 3 ml/minute observed 2 to 4 hours following the initiation of urea diuresis; 2) the phase of frank water diuresis appearing after withdrawal of Pitressin, and having a magnitude in any one animal approximating that observed during ordinary water diuresis. We believe that the second phase may be considered as approximately equivalent to a water diuresis in the usual sense of the term. Table 2 shows the maximal values of CHzO derived from 15 urea-water diuresis experiments* in four dogs. In order to dilute the urine below the isosmotic level a calculable quantity of solute must be abstracted. This quantity of solute, in milliosmols/minute, is given by 4 In four additional experiments withdrawal of Pitressin was not followed by either augmentation or dilution of the urine, and these experiments are not included. We believe that these represent neurohypophyseal secretion elicited by the rigors of the experiment. Two control experiments, in which the urine flow was less than 2 Figure 2 illustrates the four water-mercury experiments in the same fashion as. the urea-water experiment illustrated in figure I , and clearance data on two of these experiments are provided in table 3. Injection of mercury resulted in a large increase in C,,, (owing to NaCl excretion) but the maximal values of CH20 after the appearance of mercurial effect do not differ substantially from the control values. In two experiments (dogs 4 and 5) a decrease in C Hz0 that followed the injection of mercurin may Two experiments combining urea, water and mercurial diuresis are illustrated in figure 3 and table 4. In these experiments CH20 is not as well maintained after the injection of mercurin as in the experiments illustrated in figure 3 ; nevertheless it retains a substantial value in the presence of combined urea and mercurial diuresis.
DISCUSSION
That the presence or absence of water diuresis normally depends upon the neurohypophyseal secretion of antidiuretic hormone is now generally accepted. The action of the antidiuretic hormone is exerted upon the tubules, since there is no detectable change in the rate of glomerular filtration or in the intrarenal distribution of renal blood during the waxing and waning of water diuresis (8) . However, the mechanism by which the hormone acts on the renal tubules and the intratubular locus of its action remain controversial. Tubular Secretion of Water. That part of the urinary water may be secreted by the tubules has been considered since the time of Bowman. With the success of Cushny's concept of renal function, this theory was discarded until recently revived by Brodsky and Rapoport (9) . In a study of osmotic diuresis in subjects with diabetes insipidus, these authors find that the volume of solute-free water is independent of the urinary osmotic load, and that the osmotic agent augments the urine flow by promoting the excretion of a fluid isosmotic with the blood. These results agree with our observations and those of others reported below. From their results Brodsky and Rapoport conclude that the free water clearance probably represents tubular excretion. Although this conclusion is implicit in the original premises of Rapoport, Brodsky, West and Mackler (IO) , that isosmotic reabsorption proceeds in the proximal tubule until only the solutes destined for excretion remain, Brodsky and Rapoport adduce the following additional arguments : 1-) The aglomerular fish kidney can excrete urine5 against a pressure greater than that in the dorsal aorta. 2) Water diuresis in 5 Brodsky and Rapoport quote Marshall (I I) to the effect that the aglomerular kidney can excrete a hypotonic urine. This statement is made by Marshall and also by Edwards and Condorelli (12) without bibliographic reference, and in both instances is probably based upon the fact that the urine may be almost chloride-free.
However, we have been unable to find any evidence that the urine is significantly hypotonic.
In the marine Loplzim Smith (13) reported that the freezing point depres- man goes through a peak and then declines, and a peak type of response is characteristic of secretory activity.
3) The diuretic response may be influenced by Pituitrin, adrenaline, thyroxine and painful and emotional stimuli. 4) The mammalian organism is capable of secreting hypotonic fluids (sweat and saliva). 5) Less thermodynamic work is required to transport free water from the peritubular fluid to the lumen than to reabsorb an equivalent quantity of solute from the tubular urine.
sion of the urine has a value of 0.6" to 0.8"C., close to that of the blood of marine fishes generally. More recent data of Forster (Forster, R. P., personal communication)
show an osmotic U/P ratio in this species of 0.815 to 0.870, although the urine is nearly isosmotic with the pericardial and perivisceral fluid. No data are available on fresh-water aglomerular fishes (14) . In considering these arguments we note that certain renal mechanisms are present in lower forms but not in man, as for example, the specific urea absorbing mechanism in the elasmobranch fishes, and the tubular excretion of urea by other fishes and the frog. The argument by analogy to lower vertebrates is therefore unconvincing. Moreover, in respect to the excretion of water by the aglomerular fishes, it has not been demonstrated that water is transported specifically; some evidence can be adduced for the belief that water moves into the lumen passively and pari passu with the excretion of osmotically active solutes (Smith, personal communication). With respect to z), water diuresis in man may be sustained at high levels if the water load of the body is maintained (IS, 16) ; where the water load is not maintained, the peak type of response can be attributed to phasic activity of the neurohypophysis.
The action of drugs and certain stimuli is amenable to the same explanation. With respect to q), the secretory process in the sweat glands is under nervous control, whereas it has been demonstrated that water diuresis is independent of the renal nerves (17) ; moreover, sweat and salivary secretion is effected by glands so different in structure from the renal tubules that the parallel carries little weight.
In their footnote 5, Brodsky and Rapoport calculate that less work is required to add a volume of free water by tubular secretion to a very small volume of isotonic urine in the distal tubule than to reabsorb solute in quantities isosmotically equivalent to the same volume of free water from a much larger volume of isotonic urine. In comparing these two possibilities the authors neglect to point out that the solute reabsorbed in the latter circumstance would, in the former instance, be reabsorbed in the proximal segment. Thus, the work involved in reabsorbing this moiety of solute would be the same in both instances, and distal secretion of water would represent work additional to that required for solute reabsorption. Such a conclusion is, of course, contrary to that reached by these authors, and illustrates the precarious ambiguity attending the loose application of thermodynamic equations to a physiological system as complex as tubular reabsorption.
Without making unwarranted assumptions, the von Rohrer formula will not distinguish between water secretion and solute reabsorption in the distal tubule for the reason that the initial and final states are the same regardless of the mechanisms involved.
Contrary to the view that urinary water may arise by tubular excretion, no experimental or clinical circumstances have yet demonstrated a urine flow in excess of the filtration rate. Moreover, water diuresis is blunted or abolished whenever the filtration rate is markedly reduced. In the amphibian kidney the urine is isotonic throughout the proximal tubule and intermediate segment. The water of the urine is derived from the glomerulus, as indicated by cessation of flow when the tubule is compressed proximal to the site of puncture (18). In the distal tubule, however, the urine becomes hypotonic.
That the water of this hypotonic urine is not dreived from the distal tubule (and hence must be derived from the glomerulus) is indicated by the continually increasing concentration of such substances as urea, phosphate, dyes and glucose (in the phlorizinized animal) through the length of the distal tubule (19) . These observations are inconsistent with the view that the volume of proximal urine is incremented in the distal tubule by a further volume of water derived from the distal tubule itself. An adequate explanation of the hypotonic distal urine of Amphibia lies in the demonstration of distal reabsorption of chloride (and therefore sodium) (I 8). Comparable studies are lacking in mammals. In view of these considerations, we prefer the hypothesis that all urinary water is derived from the glomerular filtrate. In our concept the urine is rendered hypotonic by the distal absorption of solutes, an hypothesis which Brodsky and Rapoport agree could equally well explain their results.
Site of Concentration of the Urine. Crane (20) , and later Burgess, Harvey and Marshall (21) , reasoning from the absence of the thin segment in the Amphibia and reptiles and the inability of these classes to form hypertonic urine, suggested that this portion of the nephron is probably responsible for the formation of the hypertonic urine characteristic of birds and mammals. It seems implicit in their view that during water diuresis the fluid normally delivered to the thin segment by the proximal tubule is identical with that excreted into the bladder during water diuresis, as was later assumed by Shannon (22) . Wesson, Anslow and Smith (23) tentatively rejected this hypothesis because the cell structure of the thin limb seems scarecly suited for the performance of osmotic work. The view that at least some water reabsorption may take place in the thin segment is implied by the work of Gersh (24); using ferrocyanide, which in mammals is excreted by filtration alone, he reported an increasing concentration of Prussian Blue in the loop of Henle, without specific reference to the thin segment. He also reports some further concentration in the distal convoluted tubules and collecting ducts, but his reported data are scarcely more than suggestive.
Distal Tubule as the Site of Concentration.
On the basis of the changes in ureacreatinine clearance ratios during water and osmotic diuresis, Shannon (25, 26) concluded that water reabsorption takes place in two regions of the nephron: one process (proximal) is characterized by high permeability to urea and coincides with that region in which water reabsorption is obligatory and can be altered only by osmotic diuretics; the other process (distal) is characterized by low permeability to urea and is modified by changes in facultative water reabsorption. On the basis of the minimal U/P ratio observed during water diuresis and diabetes insipidus he assumed that proximal reabsorption accounts for roughly 85 per cent of the glomerular filtrate, an estimate in agreement with the observations of Walker, Bott, Oliver and MacDowell (27) based on micropuncture studies in mammals. The available data from osmotic diuresis, and especially the observations (27) that the proximal tubular fluid remains isosmotic with plasma despite considerable reduction, in volume, support the earlier, tentative suggestion of Smith (2) that this proximal reabsorption of water is passive and results from the osmotic gradient set up by the active reabsorption of solutes. In Shannon's view (28) , solute reabsorption is completed in the proximal tubule and the urine delivered to the distal tubule is conceived to be dilute and equal in volume to the water excreted during water diuresis; the distal tubule is therefore charged with the facultative reabsorption of this solute-free water, as well as with the formation of a hypertonic urine. However, in the frog and Necturus, Walker, Hudson, Findley and Richards (18) demonstrated that the urine remains isosmotic to the end of the proximal tubule, dilution occurring only in the distal tubule. The fact that Walker, Bott, Oliver and MacDowell (27) observed no significant hypotonicity in the proximal tubule was discounted by Shannon for two reasons: the animals were subjected to osmotic or saline diuresis so that water and solute reabsorption could not be considered normal, and no data were available for points lower than about half-way down the proximal tubule? that regardless of the magnitude of the urine flow induced during osmotic diuresis, the free water clearance has a fairly constant value in the dog. In our experience mercurin diuresis has little influence upon the maximal free water clearance although it may produce transient decreases. Supplementing our data on the dog, Ladd (29) has shown that the maximal free water clearance during simple water diuresis and during saline diuresis induced in prehydrated subjects has the same order of magnitude, despite the fact that in the latter instance the total urine flow may reach very large values because of the simultaneous isosmotic excretion of large quantities of sodium chloride. Unpublished studies now in progress in this laboratory show that, within limited periods of time, the maximal free water clearance in man remains constant during variable mannitol diuresis superimposed on continuous water diuresis. During osmotic diuresis both the diameter of the nephron and the velocity of flow appear to be increased (30) , factors which, if they have any influence at all, would probably reduce the rate of osmotic equilibration and increase the excretion of free water if the latter had its origin in failure of osmotic equilibration in the proximal tubule; nevertheless our data show that the free water clearance remains constant under these circumstances. For these reasons it seems to us that the free water clearance issues from a specific tubular operation and not failure of osmotic equilibration in the proximal tubule, as required by Shannon's hypothesis.
Smith (31) and Wesson, Anslow and Smith (23), on the basis of the micropuncture studies of Walker and his co-workers in the Amphibia (18) and mammals (27) and their own observations on osmotic diuresis, accepted, in contrast to Shannon's view, that the urine remains isosmotic with the plasma, or approximately so, throughout the length of the proximal tubule and thin segment, and that 80 to 90 per cent of the filtered water is normally reabsorbed in the proximal tubule consequent to the active reabsorption of solute. In this view, the thin segment is regarded as a region where osmotic equilibration is completed, and the fluid issuing from this segment is isosmotic and carries its osmotic complement of solute into the distal tubule. To obtain a dilute urine, further solute reabsorption must occur in the distal tubule. Since IO to 20 per cent of the water of the glomerular filtrate may be excreted during water diuresis, with negligible solute content, it follows that distal solute reabsorption must have at least the same order of magnitude (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) %). Sodium salts are the only solutes available for reabsorption in sufficient quantities to fill this role. In the light of the discussion above, we reaffirm this interpretation as in agreement with all available data.
Separation of Distal Water Reabsorption
Into Two Processes. In previous papers we have accepted that facultative water reabsorption and the renal concentrating mechanism are to be referred to the same segment of the tubule and represent a single process activated by ADH. No direct evidence is available to illuminate this question, but this unitary view poses a doubtful multiplicity of action for a single process, such as, for example, the propositions that during water diuresis the segment involved is impermeable to water (since a very dilute urine may be excreted), whereas during antidiuresis, this segment actively reabsorbs water against a concentration aradient (since a very concentrated urine may be excreted), and that distal water reb absorption during antidiuresis must be equated in a relatively fixed ratio to distal sodium reabsorption. It is simpler to accept that facultative water reabsorption and osmotic concentration represent separate operations probably referable to different parts of the distal tubule; or, as suggested by Smith (32) on several lines of evidence,
